Synaptic incorporation of NMDA receptors (NMDARs) is regulated by GluN2 subunits with different rules controlling GluN2A-and GluN2B-containing receptors; whereas GluN2B-containing receptors are constitutively incorporated into synapses, GluN2A incorporation is activity-dependent. We expressed electrophysiologically tagged NMDARs in rat hippocampal slices to identify the molecular determinants controlling the mode of synaptic incorporation of NMDARs. Expressing chimeric GluN2 subunits, we identified a putative N-glycosylation site present in GluN2B, but not in GluN2A, as necessary and sufficient to drive NMDARs into synapses in an activityindependent manner. This suggests a novel mechanism for regulating activity-driven changes and trafficking of NMDARs to the synapse.
Introduction
Unique properties allow NMDA-type glutamate receptors to play a critical role during maturation of neuronal circuits, synaptic plasticity, and pathology (Cull-Candy et al., 2001; Bliss et al., 2003; Cline and Haas, 2008) .
The NMDA receptor (NMDAR) is an obligate heteromultimer composed of glycine-binding GluN1 subunits and one or more of the glutamate binding GluN2 subunits (A-D), or a combination of GluN2 and GluN3 subunits (Traynelis et al., 2010) . GluN1-GluN3 combination may also exist, forming a glycinergic receptor (Chatterton et al., 2002) . Glutamate-binding GluN2 subunits control fractional Ca 2ϩ currents (Burnashev et al., 1995; Sobczyk et al., 2005) , temporal activation profiles (Erreger et al., 2005) , and allow differential interactions with signaling and scaffolding molecules (Barria and Malinow, 2005; Kim et al., 2005) . Thus, GluN2 subunit composition affects properties of NMDARs and synaptic plasticity (Barria and Malinow, 2005; Zhou et al., 2007; Foster et al., 2010) .
The predominant GluN2 subunits in mammalian hippocampus, GluN2A and GluN2B, exist primarily as diheteromeric GluN1/ GluN2A or GluN1/GluN2B complexes. Only a small fraction exists as triheteromeric GluN1/GluN2A/GluN2B receptors (Al-Hallaq et al., 2007) . GluN2B is expressed prenatally and is required for normal neuronal pattern formation and viability of the animal (Kutsuwada et al., 1996) . In contrast, GluN2A subunit expression and synaptic incorporation increases progressively with age (Monyer et al., 1994; Sheng et al., 1994; Flint et al., 1997; Stocca and Vicini, 1998) . This developmental switch in synaptic NMDAR subunit composition from GluN2B-to GluN2A-containing receptors requires synaptic activity or sensory experience and accelerates the decay rate of evoked NMDAR-dependent EPSCs (Yashiro and Philpot, 2008) .
However, it is not clear how neuronal activity regulates the subunit composition of synaptic NMDARs. Recent evidence indicates that GluN2 subunits regulate delivery of receptors to synapses with different rules controlling GluN2A-and GluN2B-containing receptors. Synaptic incorporation of GluN2B-containing receptors is constitutive and does not require synaptic transmission. In contrast, GluN2A synaptic incorporation is activity-dependent and requires glutamate binding to NMDARs (Barria and Malinow, 2002) .
Here we use electrophysiologically tagged NMDARs expressed in organotypic hippocampal slices to identify the domains determining the mode of synaptic incorporation. Our findings identify molecular differences between GluN2A and GluN2B that determine the mode of synaptic incorporation of NMDARs and suggest a novel mechanism for regulating activity-driven changes and forward trafficking of NMDARs to the synapse.
Materials and Methods

Chimeric subunits
Chimeric subunits were constructed using GFP-tagged GluN2Bwt and GluN2Awt (Barria and Malinow, 2002) and PCR-based methods. All subunits are cloned into the mammalian expression vector pCI (Promega). A description of the chimeras is provided below.
GluN2A-CTBc3 and GluN2B-CTAc3. The last third of the C terminus of GluN2A (P1222-V1464) and GluN2B (P1219-V1482) were exchanged.
GluN2A-CTB and GluN2B-CTA. The entire C terminus of GluN2A (L794-V1464) and GluN2B (L795-V1482) were exchanged.
GluN2A intra B. Mutations N587C, K590D, K592R, A593E, and H595G were introduced in GluN2A-CTB.
GluN2B intra A. Mutations C588N, D591K, R593K, E594A, and G596H were introduced in GluN2B-CTA.
NTB-GluN2A and NTA-GluN2B. The entire N terminus of GluN2A (M1-V522) and GluN2B (M1-V523) were exchanged. . The N terminus of GluN2A-CTB (M1-K628) and GluN2B-CTA (M1-K629) were swapped.
B
B-loop-GluN2A sites 1-3. Predicted individual glycosylation sites present in the B-loop were modified in B-loop-GluN2A as follows: site 1, N675H/ F677Y; site 2, A700P/ E701Y; site 3, M739K.
A-loop-GluN2B site 1. This predicted glycosylation site, absent in A-loop, was mutated in A-loop-GluN2B to mimic site 1 of GluN2B as follows: site 1, H674N/ Y676F.
A-loop-GluN2B sites 2 and 3. Predicted individual glycosylation sites were modified in A-loop-GluN2B as follows: site 2, P699A/ Y700E; site 3, K738M.
Slice cultures and transfection
Organotypic hippocampal slices were prepared according to University of Washington guidelines from 6-d-old (p6) Sprague Dawley male and female rats as described previously (Stoppini et al., 1991) . After 3-5 d in culture, slices were transfected using a biolistic particle delivery system (Woods and Zito, 2008) and cultured for an additional 48 -72 h. A plasmid DNA, ratio 1:1 of GluN1 and GluN2 subunits, was used (70 -100 g each). When necessary, APV (Tocris Bioscience) was added immediately after transfection and replenished every 24 h.
Immunoblot
Homogenates from four slices cultured for different lengths of time were immunoblotted with mouse monoclonal anti-NMDAR2A antibody 2F6 -3D5 (provided by Dr. Georg Köhr, Max Plank Institute, Heidelberg, Germany) or anti ␣-actin antibody (Millipore Bioscience Research Reagents).
Electrophysiology
Whole-cell recordings from CA1 neurons were obtained under visual guidance. The recording chamber was perfused with artificial CSF (ACSF) containing the following: 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 4 mM MgCl 2 , 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 11 mM glucose, 100 M picrotoxin (Tocris Bioscience), 2 M 2-chloroadenosine, pH 7.4, gassed with 5%CO 2 / 95%O 2 at room temperature (20 -25°C). Intracellular recording solution contained the following (in mM): 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl 2, 2 MgATP, 2 Na 2 ATP, 0.4 Na 3 GTP, 10 sodium phosphocreatine, 5 QX-314, and 0.6 EGTA (pH 7.25 and 310 mmol/Kg). Synaptic responses were evoked with bipolar cluster electrodes (FHC) placed over Schaffer collateral fibers.
Synaptic incorporation index is mean current from a 50 ms window 110 ms after the stimulus artifact in evoked EPSCs recorded at Ϫ60 mV [recombinant NMDAR (rNMDAR)], normalized to the peak of the EPSC that represents activation of endogenous AMPARs (eAMPARs).
Statistical analysis
All results are represented as mean Ϯ SEM. Statistical differences of these means were determined using Student's t test. Significance was set at p Յ 0.05.
Results
Synaptic incorporation of GluN2A receptors is activity-dependent
In hippocampal slices prepared from p6 rats, expression of GluN2A is very low and increases rapidly after a week in culture (Fig. 1A) . As GluN2A becomes expressed, it is incorporated into synapses, as indicated by the shortening of the decay time of NMDAR-dependent EPSC (Fig. 1 B) . To reduce the level of neuronal activity acting on NMDARs, we treated organotypic slices with APV, a competitive NMDAR antagonist (Davies and Watkins, 1982) , for 3 d before recording. NMDAR-dependent EPSCs from APV-treated slices exhibited longer decay times compared with EPSCs from control, age-matched slices (Fig. 1B) , indicating that APV treatment blocked synaptic incorporation of GluN2A receptors. This treatment did not affect expression of the GluN2A subunit (Fig. 1A) . These results support the view that incorporation of GluN2A into synapses is regulated by synaptic activity and can be blocked by APV. Similar results have been described using overexpression of electrophysiologically tagged NMDARs in organotypic cultured hippocampal slices (Barria and Malinow, 2002) .
To identify domains conferring the activity-dependent or activity-independent modes of synaptic incorporation to GluN2A and GluN2B, respectively, we expressed electrophysiologically tagged NMDARs containing chimeric GluN2 subunits in organotypic hippocampal slices.
A mutant of GluN1 (GluN1 N598R) was used as an electrophysiological tag (etag). This mutation eliminates the normal magnesium blockade of NMDARs observed at hyperpolarized potentials Single et al., 2000) . NMDARs ArbitraryunitsofGluN2Aimmunoblotarenormalizedtoactinimmunoblot(nϭ6).BlackbarisfromslicestreatedwithAPV100Mfor3d before harvesting. B, APV blocks incorporation of endogenous GluN2A receptors. Time to half decay of evoked EPSCs recorded at ϩ40 mV inthepresenceof2mNBQXfromCA1pyramidalcellsfromorganotypichippocampalslicesafter4 -5,7-8,and11-12dinculture(DIC) (white bars; n ϭ 9, 10, and 10) and slices treated with 100 M APV for 3 d before recording (black bars; n ϭ 3, 7, and 10). Inset, representative traces of evoked EPSCs from slices 8 DIC nontreated (Ctrl) and treated with 100 m APV. Scale bar, 50 ms. *p Ͻ 0.05 Student's t test. C, Protein sequence comparison of GluN2A and GluN2B subunits. Left, Topology of GluN2 subunits. Membrane segments M1-M4 are indicated. Right, Comparison of GluN2A and GluN2B amino acid sequences. Alignment was made with AlignX from Vector NTI v11 (Invitrogen). Default pairwise alignment parameters and the blosum62mt2 similarity matrix were used. Specific values are assigned to each residueatagivenalignmentpositionineachalignedsequence,dependingonwhethertheresidueisidentical(ϩ1),similar(0.5),orweaklysimilar (0.2)tothecorrespondingresidueoftheconsensussequence.TheNterminus,theCterminus,andfourmembranesegmentsareindicated.
were also optically tagged with GFP to identify transfected CA1 neurons. In transfected cells, evoked EPSCs at hyperpolarized potentials (Ϫ60 mV) exhibit a fast component due to the activation of eAMPARs and a slow component that reflects the activation of rNMDARs (Fig. 2 A, inset) . Previously reported data show that etag-GluN1 does not heteromerize with endogenous GluN2 subunits; therefore, it is inserted into synapses only when it heteromerizes with recombinant GluN2 subunits (Barria and Malinow, 2002 ). An incorporation index was calculated by measuring the late component of the EPSC (etag-NMDARs) normalized to the peak amplitude of the earlier component (endogenous AMPARs). We used this simple and quantitative assay to identify the domains on GluN2 subunits controlling the mode of synaptic incorporation. ; therefore, as reported before, synaptic incorporation of recombinant etagged GluN2A and GluN2B can be measured as a late current from EPSCs recorded at Ϫ60 mV (Fig. 2,  far left insets, gray traces) . Incubation of slices with APV during the expression period blocks incorporation of recombinant GluN2A-containing receptors but not GluN2B-containing receptors (Fig. 2 , far left) (Barria and Malinow, 2002) .
GluN2 subunits A and B are highly similar, with 69% of identical or conserved amino acids (Ishii et al., 1993) . This similarity is especially high at the four membrane domains (M1-M4) and connecting loops (94%), moderate at the N terminus (80%), and lowest at the C-terminal region (54%) (Fig. 1C) .
We first swapped the last portion of the C terminus, which contains a PDZ binding domain and internalization sequences that control stabilization and removal from the plasma membrane (Lavezzari et al., 2004) . Swapping this domain had no effect on the insertion behavior. Chimeric GluN2A with the last portion of GluN2B C terminus is not incorporated into synapses when slices are treated with APV ( Fig. 2A) . Supporting the idea that this portion of GluN2 subunits does not regulate the mode of insertion, chimeric GluN2B with the last portion of GluN2A C terminus incorporates into synapses in a constitutive manner (Fig. 2B) . This result suggests that the regulatory domain of synaptic insertion resides away from previously described internalization and synapse stabilization sequences. Swapping the full C terminus of GluN2A and GluN2B also did not alter the mode of synaptic incorporation of these chimeric NMDARs, indicating that the domain controlling the mode of insertion is not located in the intracellular C terminus (Fig. 2) .
Two small intracellular loops, one connecting M1 with the re-entering loop that forms the pore of the channel (M2) and the other connecting M2 with M3 (Fig. 1C, topology model) , also face the cytosol and therefore could be involved in a cytosolic controlling mechanism. These two loops, 21 and 10 aa long, are identical between GluN2A and GluN2B with the exception of six residues in the larger loop. All six residues in the larger intracellular loop were swapped along with the C terminus to generate chimeric GluN2 subunits with all intracellular domains corresponding to one subunit, while the extracellular domains corresponded to the other. Chimeric GluN2A subunit with all the intracellular domains matching GluN2B was incorporated into synapses and its incorporation was blocked by APV treatment, similar to wildtype GluN2A. This indicates that the domains controlling activity-dependent incorporation must be extracellular. Con- firming this, chimeric GluN2B with all the intracellular portions matching those of GluN2A was accordingly incorporated in a constitutive manner and not blocked by APV treatment, similar to wild-type GluN2B (Fig. 2) . Thus, our data indicate that the domain determining the mode of synaptic incorporation is not located on GluN2 domains facing the cytosol.
The N terminus and the large loop connecting M3 and M4 face the lumen of the endoplasmic reticulum and transport organelles and the extracellular milieu once the receptor is inserted in the plasma membrane. Replacing the entire N terminus of GluN2A (NTD and S1 domains) with that of GluN2B had no effect on synaptic insertion. Thus, synaptic incorporation of NTBGluN2A, like wild-type GluN2A, is activitydependent. Synaptic incorporation of chimeric GluN2B with the N terminus of GluN2A, NTA-GluN2B, was not blocked by APV, indicating that its incorporation is activity-independent, like wild-type GluN2B (Fig. 2 B) .
The extracellular loop between M3 and M4 is 168 aa long in GluN2A and 169 in GluN2B, with 93% of identity or similarity. Chimeric GluN2A carrying the GluN2B loop (B-loop-GluN2A) is inserted into synapses, but, in contrast to wild-type GluN2A, APV does not block its incorporation. Thus, the M3-M4 loop of GluN2B confers to GluN2A the constitutive mode of synaptic incorporation characteristic of GluN2B receptors (Fig. 2 A) . In a symmetrical manner, chimeric GluN2B carrying the loop from GluN2A (A-loop-GluN2B) behaves like wild-type GluN2A and APV blocks its incorporation into synapses (Fig. 2 B) . These experiments indicate that the domain selecting the mode of synaptic incorporation faces the intraluminal side of transport organelles and lies in the loop connecting M3 and M4 and not in the N terminus.
The M3-M4 loop is almost identical between GluN2A and GluN2B subunits with 22 different residues, of which only 12 are nonconservative changes. We looked for conserved sequences that could participate in cellular processes that regulate protein assembly, sorting, or transport to the extracellular membrane. Nglycosylation is a known process involved in regulating proper protein folding, stability, quality control, and post-Golgi trafficking to plasma membranes of polarized cells (Vagin et al., 2009 ) and predicted glycosylation sites are present on NMDARs subunits (Moriyoshi et al., 1991; Monyer et al., 1992; Ishii et al., 1993; Everts et al., 1997) .
Using NetNGlyc server (Blom et al., 2004) we found three predicted sites for N-linked glycosylation in the M3-M4 loop domain of GluN2B located at N675 (site 1), N698 (site 2), and N737 (site 3). Two of these sites, 2 and 3, are also present in GluN2A but have nonconserved substitutions around the asparagines. GluN2A lacked site 1 completely (Fig. 3A) .
In the chimeric GluN2A receptor containing the GluN2B loop, we mutated the residues of site 1 to those present on GluN2A (N675H and F677Y) to eliminate this potential N-glycosylation site. Removal of site 1 in the B-loopp-GluN2A chimera was sufficient to block synaptic incorporation by treatment with APV (Fig. 3B, far left) . Conversely, adding site 1 of GluN2B into the A-loop-GluN2B chimera (H674N and Y676F) made the chimera incorporate into synapses in a constitutive manner, the same as wild-type GluN2B (Fig. 3C, far left) . Mutations in sites 2 and 3 had no effect on the mode of synaptic incorporation (Fig. 3 B, C) .
A double mutation in wild-type GluN2B that removes site 1 (N675H/F677Y) removed the constitutive manner of synaptic incorporation of this receptor. Introduction of site 1 onto wild-type GluN2A (H674N/Y676F) caused the receptor to incorporate into synapses in an activity-independent manner (Fig. 3B,A, far right) . These data suggest that a predicted glycosylation site at N675 in the M3-M4 loop domain of GluN2B, which is not found in GluN2A, is necessary and sufficient to direct GluN2B-containing receptors to synapses in an activity-independent manner. Absence of this potential N-glycosylation site gives NMDARs a phenotype that requires synaptic activity to incorporate into synapses.
Discussion
Synaptic incorporation of GluN2A-containing receptors requires synaptic activity or sensory experience (for review, see Yashiro and Philpot, 2008) . In contrast, GluN2B-containing receptors are incorporated in a constitutive manner (Barria and Malinow, 2002) . We used a simple quantitative assay to identify the molecular determinants that segregate GluN2 subunits into activitydependent and activity-independent trafficking pathways.
The intracellular C termini of GluN2 and GluN1 subunits regulate retention in the endoplasmic reticulum (Wenthold et al., 2003) and synaptic stabilization via PDZ binding domains (Barria and Malinow, 2002; Prybylowski et al., 2002) . In addition, the C termini of GluN2 subunits regulate synaptic NMDARs via tyrosine-based internalization signals (Carroll and Zukin, 2002; Prybylowski et al., 2005; Sanz-Clemente et al., 2010) . We found that domains facing the cytoplasm do not regulate the mode of synaptic incorporation of NMDARs. Unexpectedly, we found that the extracellular loop between M3 and M4 of GluN2A and GluN2B was sufficient to determine the incorporation phenotype of these GluN2 subunits. Some of the differences in amino acid sequence in the loops occur on or around predicted N-glycosylation sites, a mechanism used by chaperone proteins in the Golgi to identify and move proteins to distinct trafficking vesicles (Martínez-Maza et al., 2001; Nathanson, 2008) . GluN2 subunits are glycosylated proteins (Clark et al., 1998) and glycosylation can affect the NMDA receptor's assembly and function (Chazot et al., 1995; Everts et al., 1997; Standley and Baudry, 2000; Gascó n et al., 2007) . In polarized cells, a single glycosylation site can target proteins to the apical or basolateral membrane. Much of this sorting is thought to occur through interaction with lectins, which recognize glycosylated proteins and can direct their association with lipid rafts (Clark et al., 1998; Vagin et al., 2009 ).
We identified a putative N-glycosylation site in GluN2B (N675) and H674 of GluN2A, as the molecular determinants controlling the mode of synaptic incorporation. These residues lie in the M3-S2 linker region outside the D2 domain of their respective ligand binding domains. According to the crystal structure of the NMDAR GluN1/GluN2 dimer, these residues lie on the surface in a position potentially accessible to enzymatic modification (Furukawa et al., 2005) .
Our data suggest that specific N-glycosylation of the GluN2B subunit could regulate receptor sorting and trafficking within the cell via differential interaction of GluN2 subunits with intraluminal proteins. This could segregate NMDARs into separate trafficking pathways with different requirements to reach the synaptic membrane. Different secretory pathways have also been proposed for AMPA-type glutamate receptors (Malinow et al., 2000) and their assembly and proper intracellular trafficking can be controlled by intraluminal sites (Greger and Esteban, 2007) . Segregation of proteins into different secretory pathways could be a general mechanism to position glutamate receptors in different compartments that will react differently to synaptic activity.
